coffee, resveratrol, or lycopene. Overall, antioxidant supplements are not a panacea to compensate for a fast-food and video-game way of living, but antioxidant-rich foods are recommended as part of the lifestyle. Such antioxidant foods are commonly available.
Introduction
Obesity and the associated comorbidities such as diabetes and cardiac diseases are lead causes of human morbidity and mortality. The epidemic prevalence of obesity has been associated by some with fast foods and a sedentary lifestyle [1] . The treatment of obesity is a mammoth industry, but the biological mechanism of this disease is not understood. Programs such as the Kuwait National Programme for Healthy Living are being developed to promote the health and well-being of individuals [1] . One of the hypotheses describes obesity as a low-grade inflammation with systemic changes caused by the accumulation of visceral fat [2] . It is interesting that antioxidants have been suggested to ameliorate the ailments due to inflammation. The biology of obesity and the associated inflammatory molecules are examined here first, and then the literature is reviewed to test the hypothesis that antioxidant supplements are beneficial in the management of obesity and/or type 2 diabetes.
Definition and Diagnosis of Obesity
The World Health Organization (WHO) defines obesity as a condition of abnormal or excessive fat accumulation in adipose tissue such that health may be impaired [3] . Clinically, in adults, obesity is defined as having a body mass index (BMI) greater than 30, specifically, with an abnormal fat distribution. However, this definition is inadequate since it does not take into account the regional distribution of the fat within the body -abdominal/ visceral versus subcutaneous. The abnormal distribution of fat is a risk factor for obesity and its comorbidities.
Obesity accompanies major systemic changes in the body. Abdominal (or visceral) obesity is associated with an elevated outflow of free fatty acids (FFA) from the visceral fat depots and metabolic dysregulation, including insulin resistance [4] . Hypertrophied intra-abdominal adipocytes may undergo hyperlipolysis, leading to an increased flow of FFA to various organs, including the liver. The increase in FFA flow may impair liver function, leading to increased hepatic glucose production and insulin resistance. The hepatic insulin resistance is associated with a decreased apolipoprotein B degradation and an increased production of lipoproteins rich in triglycerides (TG) [5] . In obese patients, there is an infiltration of macrophages into adipose tissue, resulting in a chronic lowgrade type of inflammation. Other factors that may contribute to the altered metabolic profile of obese patients include proinflammatory molecules such as interleukin (IL)-6 and tumor necrosis factor-α (TNF-α). A confirmation of the inflammatory status of visceral obesity is an increase in the inflammation markers such as the plasma levels of C-reactive protein (CRP) [5] . Obesity also involves changes in other molecules such as leptin, adiponectin and endothelium adhesion molecules. Another probable explanation is that excess intra-abdominal fat is a marker of the inability of subcutaneous adipose tissue to store the excess energy. This inability of the subcutaneous tissue to hold onto the extra fat, known as ectopic fat deposition, results in the excess fat being stored at undesired sites such as the liver, the skeletal muscle and the heart, as well as in pancreatic β cells [5] .
The increased force of the fat mass leads to difficulties in locomotion and pain in the back, hip, knee, ankle, or foot. Furthermore, the joints, tendons, fascia, and cartilage are all affected because they have to compensate for the increased weight on the knee joint. The weight-bearing joints may subsequently develop osteoarthritis. Insulin resistance and metabolic syndrome increase the risk factor for cardiovascular diseases [6] . Circulating FFA together with other factors may lead to increased levels of low-density lipoprotein (LDL), which in turn would increase the size of atherosclerotic plaques. Plaques can lead to thrombosis and myocardial infarctions. Excess soft tissue and fat in the chest wall decreases respiratory muscle compliance, functional residual capacity and total volume, which leads to a mismatch in ventilation-perfusion [6] . It has been suggested that obstructive sleep apnea may be in the causal pathway between obesity and asthma [6] . Obesity may also increase the risk factor for certain types of cancer. Diabetes associated with obesity has the highest morbidity and mortality burden and will be the focus of this review.
Physical Diagnostic Measures
The crudest, simplest and commonest way of measuring obesity is the BMI. A BMI greater than 30 is the broad clinical diagnosis for obesity. However, its first major pitfall is that it does not indicate the type and the locale of the fat in the body. Individuals with excess fat stores within their abdominal regions (as determined by a waist circumference measurement) are at particular risk of the adverse health consequences resulting from obesity. Also, BMI may vary with age, gender and ethnicity. Particularly, BMI would vary considerably during early growth [3] . Thus, at its best the BMI can be used as a flagging factor but not for the diagnosis of obesity. Even waist circumference may be a better measure of obesity than BMI because it is better associated with abdominal fat. A study of the Middle East population determined the waist-tohip ratio to be a better measure of comorbidities associated with obesity [7] .
Techniques currently available for investigating fat distribution include water displacement, dual-energy Xray absorptiometry, computerized tomography and magnetic resonance imaging. Water displacement is considered the gold standard in total body fat measurement, but it is time-consuming, inconvenient, not widely available and, most importantly, it does not convey any information about body fat distribution [8] . Dual-energy X-ray absorptiometry is a relatively accurate test. However, the major downside to this test is the exposure to high doses of ionizing radiation. Computerized tomography is quick and suitable for automated image analysis and reproducible. However, the radiation makes repeated testing prohibitive. Finally, magnetic resonance imaging does not involve any ionizing radiation exposure. Its accuracy and reproducibility for fat analysis has been validated with cadaveric dissections and through animal models. A clear representation of fat distribution can be obtained with minimal inaccuracies by combining magnetic resonance imaging with computer-assisted diagnostic techniques. This combined method makes it possible to conduct body fat distribution analysis on a daily basis with relative ease, efficiency and effectiveness [8] . However, the snag is that these tools are expensive and hence not readily available.
Biochemical and Genetic Diagnostic Measures
Variants in the following three genes have been associated with the risk of obesity: (1) the FTO gene was found (through a genome-wide association study) to be associated with type 2 diabetes and was further determined to be an obesity gene; (2) a common variant in the MC4R gene was seen to be associated with BMI and, as an extension, obesity, and (3) the PCSK1 gene is associated with obesity. Current evidence suggests a hypothalamic role for all three genes [9] . Overall, the evidence for genetic intervention or screening is too immature. There are large gaps in knowledge, and the findings of the various studies are ethnically dependent. Furthermore, many variants of these genes are not associated with obesity or type 2 diabetes. Thus, genetic screening is not a viable option until more is known in this field.
The screening for obesity may also involve monitoring of metabolic disorders. The five screening variables used to identify those with metabolic syndrome, as proposed by the National Cholesterol Education Program-Adult Treatment Panel III, are waist circumference, circulating levels of TG and high-density lipoprotein (HDL), cholesterol, fasting blood glucose (FBG), and blood pressure. The presence of three or more of the following criteria is defined as metabolic syndrome: blood pressure ≥ 130/85 mm Hg, waist circumference >102 cm in men and >88 cm in women, HDL cholesterol <1.036 m M (40 mg/dl) in men and <1.295 m M (50 mg/dl) in women, TG ≥ 1.695 m M (150 mg/dl), and FBG ≥ 6.1 m M (110 mg/dl) [5] . Note that these criteria combine a physical diagnostic measure with the biochemical ones.
Obesity and Type 2 Diabetes
Type 1 diabetes, or juvenile diabetes, is due to autoimmune destruction of pancreatic β cells which are normally responsible for producing the hormone insulin. The patient has to be given insulin on a regular basis. In type 2 diabetes, insulin is either not produced in sufficient amounts or does not elicit the normal response from cells. Insulin is needed to supply glucose to the cells of the heart, skeletal muscle and adipose tissue, mostly via the facultative transporter GLUT4, although low levels of GLUT1 are also present in these cells [10, 11] . Insulin stimulates the translocation of GLUT4-containing vesicles from intracellular stores to the plasma membrane. This results in an immediate 10-to 20-fold increase in glucose transport [10] . Furthermore, the defect seen in type 2 diabetes may also be a result of impairments in the translocation machinery, as defined by molecules involved in GLUT4 sorting, retention, movement, docking and tethering, and fusion [11] . In type 2 diabetes, the insulin-dependent increase in the level of surface GLUT4 is defective. Though insulin is not necessary for glucose uptake via the transporters GLUT1-3, GLUT4 transporters are essential for lowering the acute postprandial rise of plasma glucose levels via sensitivity to insulin levels. Furthermore, since skeletal muscles and adipose tissue are the largest storage areas for glucose, and the GLUT4 transporter is found within them only, the importance of insulin in controlling blood sugar levels after a meal cannot be overstated [10] . Insulin defects lead to very high plasma levels of glucose which can damage various organs. Type 2 diabetes may or may not be related to obesity. The management regimens involve mainly a reduction of blood glucose levels using diet and exercise for weight control, drugs which prevent conversion of other metabolites into glucose and, if needed, insulin therapy.
Without the proper adipose tissue precursors, the fatty acid storage decreases and the amount of FFA in circulation increases (lipotoxicity). Excess adiposity due to a positive caloric balance leads to the release of inflammatory molecules (from central visceral fat depots) that lead to insulin resistance and increased concentration of circulating FFA. This cycle keeps perpetuating itself and the increasing amounts of FFA are continuously deposited in muscles and liver ( fig. 1 ) [6] .
The pathophysiology of obesity cannot be explained by insulin resistance alone. Adipose tissue is an organ of energy storage and also actively participates in hormonal regulation of homeostatic systems. Adipose tissue can be distinguished into two major types: brown and white adipose tissue [12] . The brown adipose tissue serves as a source of thermogenesis during periods of nonshivering. The white adipose tissue is the majority of adipose tissue in the body and is the site of energy storage. Approximately 10% of the white adipose tissue is composed of macrophages. The number of macrophages present is correlated with the amount of adiposity and the size of the adipocytes. Abdali The adipose tissue is also the source of a number of modulatory molecules. Leptin, a satiety hormone, is a 16-kDa protein produced mainly by adipocytes [12] . It is hypothesized that obese individuals may become desensitized to leptin, and thus even if leptin levels remain high, they may not feel satisfied after eating. Leptin also regulates inflammation through T-cell proliferation and activation, and by protecting T lymphocytes from apoptosis. Leptin influences T lymphocytes to release cytokines such as IL-2 and TNF-α, a Th1 response that activates the innate immune system involving IL-6 and TNF-α [12] . TNF-α is a pivotal molecule in obesity-mediated type 2 diabetes [13] . It may cause insulin resistance directly by increasing serine phosphorylation of the insulin receptor. Adiponectin is best known for its role in mediating insulin sensitivity. Adiponectin is released mostly by adipocytes [12] . Unlike leptin levels, which increase in response to increased adiposity, adiponectin levels decrease. Adhesion molecules on endothelium are upregulated by leptin, along with other molecules produced by adipocytes. The increased expression of adhesion molecules leads to an increased transmigration of bone marrow-derived monocytes, thus leading to an increase in macrophages residing in the white adipocyte tissue. Some of these macrophages fuse and create giant multinucleated cells. These macrophages produce higher amounts of TNF-α, IL-6 and chemokines compared to those in lean individuals [12] .
The probable mechanisms of obesity and diabetes are summarized below and in figure 1 : • The daily caloric intake exceeds the daily caloric output. • The excess calories are converted to fat and initially stored in subcutaneous fat stores. • As the subcutaneous fat stores fill to capacity, fat is stored in the visceral fat stores. • As the adipose mass starts to increase, there is a concurrent increase in leptin levels and, thus, an increase in the adhesion molecules on endothelial cells. • The increased concentrations of serum leptin lead to the following: (1) desensitization of leptin receptors in the hypothalamus -thus, even though the fat stores are overly filled and the serum leptin concentrations are high, the individual does not exhibit a normal satiety response and thus keeps eating even though they have consumed enough calories; (2) the increased leptin leads to increased activation of T lymphocytes which release proinflammatory molecules such as IL-2 and TNF-α, thus contributing to the chronic low-grade inflammation, and (3) leptin receptors on adipose tissue protect the tissue from excess fat accumulation by stimulating fat stores to oxidize and release their fat stores into the bloodhowever, during periods of excess energy intake, leptin receptors on adipose tissue decline and the adipose tissue develops a resistance to leptin, much like the hypothalamus. • Once the abdominal fat stores are sufficiently hypertrophied, an automatic state of hyperlipolysis begins. The excess FFA are transported to the liver where they are converted to glucose despite the opposing mechanism of insulin. Thus, hepatic insulin resistance is developed. Once the adipose tissue is hypertrophied, the body blood supply cannot keep up with the expansion and the cells become hypoxiated. In an effort to keep the cells alive, the mitochondria of the adipocytes are placed under a lot of oxidative stress due to the increased catabolism. • With the increase in the adhesion molecules, increased numbers of bone marrow-derived monocytes are recruited into the adipose tissue. These monocytes develop into macrophages which release larger amounts of the IL-6 and TNF-α seen in obese individuals, thus contributing to the inflammation. • The increased levels of TNF-α set the stage for insulin resistance and type 2 diabetes. This is achieved in a three-step process as follows: (1) increased TNF-α levels suppress adiponectin production, and the suppression of adiponectin leads to a reduction in the release of anti-inflammatory cytokines such as IL-1 and IL-10 -adiponectin is thus unable to inhibit the NF-κB pathway that prevents insulin signaling; (2) TNF-α prevents insulin signaling by phosphorylating the insulin receptor with serine via the NF-κB pathway activation, and (3) TNF-α upregulates adhesion molecules on endothelial cells -thus, more monocytes are recruited into the adipose tissue, further adding to the inflammation and TNF-α levels. • Concurrently, serum concentration of FFA increases, resulting in the following: (1) FFA inhibits insulin biosynthesis and β-cell mitogenesis; (2) FFA accumulates as ceramides in skeletal muscle -ceramides in skeletal muscle inhibit insulin signaling, thus leading to impaired glucose uptake and contributing to the hyperglycemia, and (3) FFA accumulation in the liver enhances the production of very low LDL, leading to hypertriglyceridemia gluconeogenesis and thus contributing to the hyperglycemia seen in diabetic patients.
Reactive Oxygen Species
A molecule with unpaired electrons in its outermost orbit is a free radical. When an oxygen atom is involved, it is called an oxygen free radical [14, 15] . Reactive oxygen species may be free radicals or other oxidizing substances such as peroxides. Typically, the body oxidizes substances such as glucose to produce energy needed for living. During this process oxygen molecules are reduced in a stepwise manner to yield very reactive intermediates such as superoxide, hydrogen peroxide and hydroxyl radical [16] [17] [18] . These species occur in very low concentrations (nanomolar to micromolar). For defense purposes, cells such as macrophages may also produce large amounts of superoxide and peroxynitrite. The body uses natural antioxidants such as vitamin C (ascorbate), vitamin E, glutathione, and various enzymes to quench the reactive oxygen species. If not controlled, the excess accumulation of reactive oxygen may alter the nature of lipids and proteins and ultimately cause cellular dysfunction [16] [17] [18] . Prolonged damage due to accumulated reactive oxygen species in different tissues may cause irreversible damage. There is a recent shift in the paradigms in understanding the mechanisms of damaging actions of the reactive oxygen species since kinetic constraints indicate that in vivo scavenging of radicals is ineffective in antioxidant defense [19, 20] . One of the mechanisms for the action of nutritional antioxidants may be oxidative activation of the Nrf 2 signaling pathway, leading to a mechanism termed 'para-hormesis' [19] or, with age, the redox of plasma GSH/ GSSG is not equilibrated with the larger plasma cysteine/ cystine (Cys/CySS) pool [18] . 'The major cellular thiol/ disulfide systems, including GSH/GSSG, thioredoxin-1 (-SH(2)/-SS-), and Cys/CySS, are not in redox equilibrium and respond differently to chemical toxicants and physiologic stimuli' [18] . It is proposed that oxidative stress may be better defined as a disruption of redox signaling and control [18] . Regardless of the mechanisms of actions, the issue remains whether or not antioxidant supplementation is effective in the management of obesity and type 2 diabetes.
Antioxidant Supplementation in the Management of Obesity and Type 2 Diabetes
Rationale How obesity is related to an increase in inflammation which is associated with an increase in oxidative stress is shown in figure 1 . An increase in leptin leads to an in-crease in adhesion molecules; adipocytes recruit monocytes which are then transformed into macrophages. Macrophages are capable of producing large amounts of oxidants such as peroxynitrite. An obesity-associated increase in oxidative stress has been examined by different methods -measurements of thiobarbituric reactive acid substances (TBARS), malondialdehyde formation (MDA), oxidized LDL, oxidized urinary albumin, peroxide estimated from reactive oxygen assays, and the formation of carbonyl proteins in erythrocytes. A review of the literature shows that in most studies obesity and type 2 diabetes are associated with an increase in oxidative stress [21] .
The usual recommended therapy for obesity-related diabetes is weight loss by decreasing calorie intake, although increased burning calories with exercise also works. A study that examined the effect of decreased calorie consumption (500 kcal/day less than that required for weight maintenance) with high-carbohydrate/lowprotein or high-protein/low-carbohydrate diets [22] showed that over a 6-month period, weight loss occurred in both groups. The weight loss accompanied decreased oxidative stress (as measured by two different methods), IL-6, TNF-α, TG, FFA, CRP, adiponectin, and leptin. However, the weight loss was greater in the group on the high-protein/low-carbohydrate diet. This accompanied the various parameters above. Thus, the oxidative stress was associated with the weight loss rather than with diet alone. Given the long-term benefits observed with metformin use in diabetes patients, a study that investigated the effects of metformin on markers of oxidative stress, antioxidant reserve and HDL-C-associated antioxidant enzymes revealed that the use of metformin was more effective in reducing oxidative stress compared to lifestyle modification alone [23] .
In recent years, antioxidants have been used extensively to overcome the effects of excess reactive oxygen species in several pathologies. Some of the common antioxidants used are vitamins E and C, coenzyme Q, α-lipoic acid, lycopenes, and polyphenols. Vitamin E is most commonly found in the form of α-tocopherol and is most abundant in dark chocolate, nuts and berries, and also as a supplement. Vitamin E requires vitamin C or coenzyme Q to regenerate after being used up in the free radical reaction, so studies often look at the effects of vitamin C and E together. Vitamin C is a powerful antioxidant on its own and is most abundantly found in many fruits, broccoli and bell peppers, and also as a supplement. α-Lipoic acid is a powerful antioxidant as it can recycle both vitamins E and C, repair oxidized proteins and directly scavenge reactive oxygen species [24] . Polyphenols are a class of antioxidants which are widely available in common foods, and dietary consumption can be quite high. There are several types of polyphenols -catechins, anthocyanins, procyanidins, resveratrol, and curcumin.
Given that obesity and type 2 diabetes are associated with increased oxidative stress, the question is whether antioxidant supplementation has a place in their therapy. To answer this question, PubMed database was used to search for all the literature. The most recent searches were conducted in May and June of 2014. The initial search was conducted for the presence of the following term combinations in the abstracts: 'obesity or weight loss or type 2 diabetes' and 'antioxidants' and 'treatment or therapy or prevention' and 'human or clinical trial'. Searches were then conducted with the term antioxidants replaced by the terms for individual antioxidants. The pertinent literature cited in the relevant publications was also examined. Where needed, searches were also conducted for the various molecular markers of obesity.
The antioxidants considered here are in the following two major categories: (1) vitamins and cofactors and (2) polyphenols and carotenoids.
Antioxidant Vitamins and Cofactors
Vitamins C and E Vitamins C and E are cofactors in many enzymatic reactions and also antioxidants. Vitamin E acts as a peroxyl scavenger and thus prevents oxidation of membrane lipids [25] . Vitamin E is present in small amounts and the recycling of its oxidized form to the reduced form is coupled with vitamin C which is present in the body at a much higher concentration. However, the human body cannot synthesize vitamin C and normally obtains it from foodstuff. Several studies have examined the effects of these vitamins in type 2 diabetes [26] [27] [28] [29] [30] .
To examine whether there is a relationship between vitamin C levels and the risk of type 2 diabetes, a long-term study using food frequency questionnaires was conducted, and a significant inverse relationship between vitamin C levels and the incidence of diabetes was observed [26] . The difficulty in interpreting this observation is that the vitamin C levels were directly related to the consumption of fruits and vegetables and could also be attributed to education, physical activity and other lifestyle-related issues. In a random double-blind study, type 2 diabetes patients (aged 30-60 years, BMI >25) were given a placebo, vitamin C, or vitamin E (or vitamins C plus E) for a period of 3 months. In all the supplement groups, the level of hypertension decreased. The initial values of vitamin C, E and E plus C compared to the placebo group showed significant Obesity and Antioxidants Med Princ Pract 2015;24:201-215 DOI: 10.1159/000375305 207 differences in the concentration of FBG and glycated hemoglobin (HbA 1c ), superoxide dismutase and glutathione peroxides enzymes levels [27] . In a study on menopausal women with diabetes, the effects of hormone replacement therapy with and without vitamin C and E supplements were examined. The therapy decreased lipid peroxidation and showed significant differences in glutathione peroxidase, reduced glutathione, β-carotene, catalase, plasma glucose, LDL, and TG [28] . Supplementation with vitamins C plus E further decreased lipid peroxidation. In a study on long-term intake of antioxidants on male smokers, the antioxidant supplementation was ineffective in preventing diabetes-related complications [29] . One study even claimed that vitamin C and E supplementation may cancel the beneficial effects of exercise, but this study was not conducted on diabetic or obese subjects [30] .
To summarize, there may be clear benefits of longterm consumption of vitamin C through diets containing fruits and vegetables, but the effects of vitamin C and E supplementation are marginal.
Zinc
Zinc is a cofactor for several antioxidant enzymes such as Cu Zn superoxide dismutase [31] . Zinc supplements have been tested for effects on oxidative stress and type 2 diabetes.
A questionnaire-based observational study of Australian women (8,921 subjects, aged 50-55 years at end of study) over a 10-year period concluded that higher dietary zinc intake decreased the risk of developing type 2 diabetes [32] . There are some potential issues with the method used, but the sample size is large.
A study on Iranian patients already taking metformin showed that supplementation with zinc and melatonin decreased the levels of HbA 1c after only 30 days and further significantly improved FBG after 90 days [33] . Zinc supplementation has also been shown to improve glycemic control and lipid profile in patients with higher FBG or higher postprandial glucose levels [34] . In a Tunisian study, zinc gluconate and/or chromium for 6 months had no effect on HbA 1c or glucose homeostasis, although membrane oxidation decreased [35] . It was noted that the activity of the Cu Zn superoxide dismutase did not show a change. A double-blind crossover study on male type 2 diabetic patients taking glibenclamide showed a decrease in cholesterol and an increase in HDL but no changes in FBG or HbA 1c [36] . Some studies found no benefits of zinc supplementation in diabetic patients [37, 38] .
In 2012, a meta-analysis was conducted of the effects of zinc supplementation on diabetes [39] . The studies ana-lyzed were very different in terms of the amounts supplemented and whether or not there was something else also supplemented at the same time. The conclusion was that zinc did have a beneficial effect on FBG, postprandial plasma glucose and lipid profiles. The benefit may be even greater in patients who are more poorly controlled by medication or who are more overweight and hence might have higher oxidative stress levels and lower zinc levels.
Lipoic Acid Lipoic acid is made in small amounts in the human body. It is a cofactor for enzymes involved in two oxoacid dehydrogenase enzymes such as the pyruvate dehydrogenase complex, the 2-oxoglutarate dehydrogenase complex, the branched-chain oxoacid dehydrogenase complex, and the acetoin dehydrogenase complex [40, 41] . Of particular importance is the pyruvate dehydrogenase complex which is involved directly in energy metabolism. It is also an antioxidant which is found in certain foods, including red meat, spinach, broccoli, potatoes, yams, carrots, beets, and yeast. However, the lipoic acid content is too low in the foods and, also, it is not readily bioavailable due to its conjugation to lysine [42] . It has been clinically tested as a food supplement for its potential benefits in obesity and diabetes.
A study examined the effect of 800 mg/day lipoic acid supplementation in 445 men and 682 women aged 18-60 years and obese or preobese [43] . The study considered dietary and other parameters but had no placebo groups. It found significant benefits of the supplementation to anthropometric parameters of obesity such as weight and BMI and the inflammation markers such as CRP, TNF-α and IL-6. In a random trial in Iran, capsules containing 300 mg lipoic acid or placebo were given daily for 8 weeks to type 2 diabetics [44] . There was a significant decrease in FBG, postprandial glucose and insulin resistance with lipoic acid. Another study with a cohort of 12 patients on the effects of oral lipoic acid supplementation showed that it increased the insulin sensitivity in diabetic patients [45] . A study over a 12-week period on obese patients concluded that α-lipoic acid ingestion (1,000 mg/day) may increase the atherogenicity of LDL when ingested without exercise and may thus contribute to the pathogenesis of atherosclerosis and the development of cardiovascular disease. However, when combined with exercise, this atherogenic effect was abolished and the supplementation was beneficial [46] . In a double-blind placebo-controlled 20-week trial, 360 obese individuals were randomized for treatment with oral α-lipoic acid 1,200 or 1,800 mg/day or a placebo [47] . The treatment led to a signifi-cantly greater weight loss (2.1%) than in the placebo group.
Intravenous administration of 600 mg or a placebo once daily for 2 weeks was conducted in a double-blind control study on 22 obese subjects [48] . The treatment improved insulin sensitivity and had marginal but statistically significant beneficial effects on FFA, TG, total cholesterol, plasma oxidative products, adiponectin, and the inflammation markers TNF-α and IL-6.
In contrast, the results were different in other studies. One study found that lipoic acid decreased oxidative stress and increased HDL but had no significant effect on total cholesterol, TG or CRP [49] . Another study concluded that α-lipoic acid administered orally did not protect against lipid-induced insulin resistance in overweight and obese subjects [50] .
Overall, lipoic acid is needed for the body and may be synthesized in sufficient amounts. Dietary lipoic acid is not readily bioavailable. However, lipoic acid supplementation may be beneficial to some degree in obesity and diabetes. It has also been recommended for other diseases such as cancer.
Carnitine L -Carnitine is involved in the conversion of FFA into usable energy. It transports FFA into the mitochondrial matrix so that they can be metabolized for the conversion of energy via the citric acid cycle [51] . It is found in red meat, fish, dairy products, soy, nuts, and seeds. It may lower oxidative stress and has been studied extensively for benefits in type 2 diabetes.
A random double-blind study compared the effects of orlistat with and without carnitine in 258 patients with uncontrolled diabetes over 1 year [52] . Compared to orlistat alone, orlistat plus L -carnitine gave a better improvement in body weight, glycemic control, lipid profile, and inflammatory markers. However, the benefits of carnitine were marginal, and the patients were also concurrently taking different medications for the control of diabetes. Another study from the same group compared the effects of sibutramine with and without carnitine [53] . Carnitine caused a larger decrease in FBG and HbA 1c and also had small effects on weight loss and BMI. Two other studies compared the effects of simvastatin with and without L -carnitine [54, 55] . In both studies, carnitine had a significant benefit in lowering FBG and TG and improving cholesterol and LDL-related metabolism.
A meta-analysis of four studies [56] on the effects of oral carnitine supplementation revealed that oral carnitine lowered FBG, total cholesterol, apolipoprotein-B100, and apolipoprotein-A1, but changes in TG, HbA 1c or lipoprotein A were not significant. It is not clear why the meta-analysis was limited to only four studies.
All the studies were not listed in this area, but in general most of them showed carnitine supplementation to be beneficial for diabetes, even though a number of the studies were conducted poorly and the benefits were only marginal in some of them.
Polyunsaturated Fatty Acids
Omega-3 polyunsaturated fatty acids (LCn-3PUFA) have been shown to contribute to human health [57] . Foods rich in them are fish, flax seeds and walnuts, and even eggs rich in omega-3 rich are available. Obesity has been linked with low levels of LCn-3PUFA [58] .
In a randomized double-blind study, a very low-energy diet led to a loss of fat and weight. LCn-3PUFA accelerated the process [59] . A crossover diet study on 17 obese and nonobese subjects for a 5-week period showed that LCn-3PUFA did not affect body weight, BMI, cholesterol (total, HDL or LDL), insulin sensitivity, TG, nonesterified fatty acids, glycerol, lactate, glucose, or HbA 1c [60] .
Coenzyme Q10
Coenzyme Q10 is involved in the mitochondrial electron transport chain which is essential for energy production [61] . Organs rich in this substance are the heart, liver and muscle. It is present in meat (beef, pork and chicken) and in soybeans, olive oil, grape seeds, nuts, and some fruits and vegetables. Due to its relationship to energy metabolism, it has been tested for obesity and diabetes.
A double-blind placebo-controlled study over 12 weeks showed that coenzyme Q10 supplementation in obese subjects did not affect inflammatory markers, arterial stiffness or fatigue [62] . In other studies coenzyme Q10 supplementation may have improved endothelial function and produced antihypertensive effects, but there were no reproducible effects on body weight, fat mass or glycemia [63, 64] . A literature review concluded that antiinflammatory effects of coenzyme Q10 have been described in vitro, but supplementation seems to have only an antihypertensive effect, with no benefits for body weight, fat mass or glycemia [65] .
Polyphenols and Carotenoids

Procyanidins and Cinnamon
Procyanidin-rich foods are cinnamon, apple, cranberries, avocado, red beans, almonds, and peanuts, but cin-Obesity and Antioxidants Med Princ Pract 2015;24:201-215 DOI: 10.1159/000375305 209 namon has been tested most extensively, possibly because it contains different varieties of procyanidins [66] . Cinnamon is used as a spice to add flavor to dishes but has also been recommended in Ayurvedic and Chinese medicine, possibly because of its tannin content. Cinnamon cassia (Cinnamomum cassia) is rich in cinnamaldehyde and has been studied extensively in improving the health of diabetics [67] [68] [69] [70] [71] [72] [73] . C. cassia contains coumarin which may be toxic in large doses, but the extracts from this plant are not as rich in coumarin and have been used in many studies.
Several studies have shown C. cassia to be beneficial for diabetes. A blind study using 3 different amounts of cinnamon (1, 3 or 6 g) over the course of 40 days with a 20day follow-up showed that cinnamon significantly lowered FBG and that the effect persisted after a 20-day washout period. Cinnamon also decreased fasting TG and cholesterol levels [67] . In another random blind study the cinnamon extract of C. cassia decreased FBG after 4 months of treatment, but there was no effect on levels of HDL, LDL, HbA 1c , or TG [68] . In Chinese diabetic patients simultaneously taking gliclazide, cinnamon extract caused a decrease in FBG and HbA 1c but not in cholesterol or TG [69] . Yet another study showed that cinnamon extract lowered FBG, oxidative stress and fat mass and increased the lean body mass over a 12-week period but not over a 6-week period [70] . One study used cinnamon extract-containing capsules over the counter. The capsules were taken daily, but the study was not blind or controlled for diet and exercise. There was a lowering of HbA 1c by 0.83% among the treatment group [71] . In contrast, several studies showed no effects of cinnamon. In a random study with postmenopausal women it did not alter blood lipid profile, oral glucose tolerance or FBG [72] . However, the subjects in this group were also on a variety of treatments (excluding insulin) to control their diabetes. Another study also found no effect of cinnamon on BMI, FBG, cholesterol, TG, or insulin levels [73] .
In our opinion, the studies using cinnamon are at best poorly conducted and hence the results may vary. First, some of the ingredients in cinnamon are coumarin, cinnamic acid, cinnamaldehyde, cinnamyl alcohol, and eugenol. There was a 5-to 10-fold variation in the concentration of these ingredients in different samples [74] . This was because the quality of cinnamon depends on which branches were used and how they were processed. The studies did not provide the contents of these ingredients in the materials used. Most of the work discussed here used C. cassia (Chinese cinnamon). Cinnamomum zeylanicum (Sri Lankan cinnamon) has been tested extensive-ly in animals and shown to be beneficial in diabetes, but the human studies mostly used C. cassia [75] . The effectiveness of cinnamon or cinnamon extracts may depend on how well controlled the diabetes was at the beginning of the study. Each study used different parameters and different time periods and most were small studies, which makes comparisons complicated.
Catechins and Green Tea
The beneficial health effects of tea and green tea have been celebrated in many cultures where tea is the most commonly consumed beverage. However, the word tea is also used as generic term for herbal drinks made in hot water and, therefore, it is clarified that this section focuses on tea made from the leaves of Camellia sinensis . Tea may be processed and brewed or used as dried green leaves -hence the term green tea which is the focus here. Green tea is rich in catechins and caffeine but also contains vitamins B, C and E, carotene and theanine [76] .
In a randomized double-blind study conducted over a 12-week period on a selected overweight (BMI >25) Thai population, the food provided 2,000 kcal/day, and energy expenditure and physical activity were measured [77] . The cohort consuming the green tea supplement lost significantly more weight than the placebo group (p < 0.05). The weight loss peaked at 8 weeks, as did the energy expended. The tea was hypothesized to increase the energy expended through thermogenesis and fat oxidation. This is consistent with the weight loss since the actual activity level or the caloric intake did not change. An open study conducted in France using 68 overweight to moderately obese patients found a weight loss of 4.6% over 12 weeks taking a green tea supplement (AR25, 375 mg 4 times/ day) containing caffeine [78] . This was a completely open study with no control group and it did not mention diet or activity levels during the course of the study. Interestingly, another open study did not have a significant effect of decaffeinated green tea or green tea supplements over 8 weeks on biomarkers of inflammation in obese subjects [79] . The fact that this study used decaffeinated green tea/ supplement might have had an effect on the results, suggesting that the observed benefits were possibly due to a synergy between catechins and caffeine. There was no diet control in this study and no recording of normal caffeine intake. There may be a point at which too much caffeine ceases to help in weight loss as the body develops a tolerance to caffeine (proposed to be more than ∼ 300 mg/ day) [80, 81] . Some populations may be consuming, in a normal day, from 0.5 to 1 liter of coffee in North America or in more concentrated coffee drinks in Europe, as in Turkish coffee or the Arabic kahva. Even several soft drinks may contain sufficient caffeine.
In a study of whether or not a combination of caffeine and catechins could influence weight maintenance after a period of weight loss, it was found that in those who habitually consumed a lower amount of caffeine (<300 mg/ day), weight was maintained, and even further weight was lost compared with habitual high caffeine consumers or those taking placebo, all of whom gained weight over the same 3-month period [80] .
The degree to which green tea is effective may change from population to population and over time as some of the effect is due to caffeine -the Thai population consumes less caffeine than the North American or European population -and a tolerance to caffeine can develop. Also, it is noted that the exact chemical composition of green tea may depend on the cultivars, the region where it is grown, seasonality of harvest, which leaves are harvested, and how the green tea is processed and prepared.
It is pointed out that the customs in tea preparations vary and some of them may be beneficial for diabetes. For example, Kashmiri tea also contains cinnamon and a trace of saffron, which may be beneficial for diabetes [82] . The typical Indian masala tea does contain the antioxidant containing beneficial spices but is typically made with sugar and milk, which may increase the calorie and fat consumption.
Chlorogenic Acid Green Coffee Extract
Chlorogenic acid is an antioxidant found in plums (prunes), peaches, potatoes, and date palm, as well as in green coffee beans. Green coffee is trendy and publicized on the Internet for its weight loss potential. However, there are very few reliable studies to support this claim. There are several small short-term ill-controlled studies [83, 84] . A small double-blind crossover trial with 16 preobese participants showed that green coffee extract supplementation resulted in weight loss over a 22-week period [83] . A meta-analysis in 2011 concluded the results with green coffee to be promising but questions the quality of these studies [84] . Larger-scale well-conducted trials on diabetic patients were not found.
Our opinion is that green coffee may be marginally useful due to its chlorogenic acid content. However, this antioxidant is also available in fruits such as prunes and dates which also contain ferulic acid -another antioxidant which has proved useful in diabetes studies in animals but has not yet been tested in humans [85, 86] . Would the use of these fruits in a regular diet not be more beneficial than the green coffee extract supplements?
Resveratrol
Resveratrol is a polyphenolic compound found in the skin of red grapes, in fruits such as pomegranates, in berries such as acai and Ziziphus, and in the roots of Japanese knotweed (Polygonum cuspidatum) . Red wine is also rich in this antioxidant. It has been shown to be of benefit in cardiovascular function and investigated for potential benefits in diabetes [87] .
In a double-blind study using 19 type 2 diabetic men who were already on oral glucose-lowering drugs, the effect of 5 mg capsules (2× daily for 4 weeks) containing resveratrol or placebo was studied [88] . Resveratrol significantly decreased oxidative stress and insulin resistance. In an open-label randomized control study the effect of 250 mg of resveratrol on type 2 diabetic subjects on oral hypoglycemic treatment with metformin and/or gli benclamide was compared with a placebo group [89] . After 3 months of treatment, the resveratrol group showed a marginal but statistically significant improvement in mean HbA 1c (p = 0.02), systolic blood pressure (p = 0.0002) and total cholesterol (p < 0.004) but not in body weight (p = 0.83), FBG (p = 0.29), HDL (p = 0.42), or LDL (p = 0.05).
The benefits of this antioxidant have been even fewer in other studies [90] [91] [92] . A study using up to 2 g of resveratrol daily for 4 weeks showed a modest decrease in postprandial glucose levels but not in FBG and any other measures [90] . In another study, the effects of 500 mg resveratrol for 4 weeks in healthy obese men compared to those on placebo showed that endogenous glucose production and the turnover and oxidation rates of glucose remained unchanged [91] . Resveratrol supplementation also had no effect on blood pressure, resting energy expenditure, oxidation rates of lipids, ectopic or visceral fat content, or inflammatory and metabolic biomarkers. The study by Yoshino et al. [92] on nonobese postmenopausal women using 75 mg of this supplement for 12 weeks did not reveal any benefits for body composition, resting metabolic rate, plasma lipids, or inflammatory markers.
Our opinion is that this antioxidant may be beneficial for health in general, but even as an adjunct therapy for type 2 diabetes its usefulness remains to be established.
Lycopene
Lycopene-rich foods are common and include guava, papaya, watermelon, and solanaceous plants such as tomato, eggplant and potato. Lycopene is a carotenoid and is an antioxidant which has been studied for its anti-inflammatory properties, most often in conjunction with cancer or cardiovascular disease but not as extensively or systematically for obesity or diabetes [93] .
There are several small studies on the therapeutic effects of lycopene on diabetes [94] [95] [96] . They did not show any benefits in anthropomorphic data, FBG, HbA 1c , or other markers for impaired glucose tolerance, but some studies showed that it does not have any added value apart from marginal effects on oxidative stress status and inflammation markers IL-6, TNF-α or CRP.
Synopsis, Critical Appraisal and Recommendations
Synopsis
The WHO defines obesity as a condition of abnormal or excessive fat accumulation in adipose tissue, such that health may be impaired. Clinically, in adults obesity is defined as having a BMI >30. However, this definition is inadequate since it does not include the abnormal distribution of fat which is the main risk factor for obesity and its comorbidities. The adipocytes in the visceral fat can recruit monocytes which are transformed into macrophages. The adipocytes and macrophages can produce molecules which lead to the metabolic syndrome and release of FFA, terminating in type 2 diabetes. Obesity and type 2 diabetes are associated with an increase in oxidative stress. Therefore, it would be logical to consider antioxidant supplementation in potential therapy for obesity and diabetes. Here we considered the following types of antioxidants: vitamins and cofactors, polyphenols and carotenoids. Table 1 contains a summary of the key observations.
Briefly, there may be some benefits of long-term consumption of vitamin C through diets containing fruits and vegetables, but the effects of vitamin C and E supplementation are marginal. Zinc supplements may have benefits which include lowering FBG, postprandial plasma glucose and lipid profiles -and may be even greater when control with medication is poor. Lipoic acid supplementation may be beneficial to some degree in obesity and diabetes. Carnitine is beneficial for diabetes in lowering FBG, total cholesterol, apolipoprotein-B100, and apolipoprotein-A1 but has no effects on TG, HbA 1c or lipoprotein A. For diabetics, the evidence for the benefits of LCn-3PUFA and coenzyme Q10 is feeble, although the latter seems to have an antihypertensive effect.
There is reasonable evidence for benefits of cinnamon in lowering FBG, HbA 1c , oxidative stress, and possibly fat mass. However, the effectiveness of cinnamon or cinnamon extracts may depend on how well controlled the diabetes is at the beginning of the study. Green tea (not decaffeinated) may increase thermogenesis and fat oxida-tion, leading to small weight loss. Chlorogenic acid in green coffee has, if any, only a small potential for weight loss. Resveratrol reduces oxidative stress and had marginal benefits for diabetes in some studies but not in others. Lycopene may have marginal benefits in decreasing oxidative stress status, IL-6, TNF-α, or CRP but has no effects on weight, FBG, HbA 1c , or impairment of glucose tolerance.
Thus, supplementation with zinc, lipoic acid, carnitine, cinnamon, green tea, and possibly vitamin C plus E had marginal benefits for diabetes. However, the evidence for such benefits from LCn-3PUFA, coenzyme Q10, green coffee, resveratrol, and lycopene was less than convincing. Recall that only the potential benefits for obesity and diabetes were examined here. However, the various other antioxidants could also have other health benefits which were not considered.
Critical Appraisal
There are several issues in considering the benefits of antioxidants in obesity and type 2 diabetes. The first is the confusion over the definition of obesity. Typically, this definition is based on BMI, which is inadequate, as are the other anthropomorphic measurements. The concern becomes significantly greater when FBG levels become very high and the risk of insufficiency of secretion and functioning of insulin is realized -then the disease is diagnosed as diabetes. However, there is a realm of metabolic changes that occur in between, and these may be gradual but chronic and cause low-grade inflammation. Therefore, the researchers investigating the benefits of antioxidants face the dilemma concerning at which stage can subjects be recruited into the studies and what parameters should be measured. Subjects who are diabetic or near diabetic may be easier to recruit and have greater compliance than those in early stages of obesity where the metabolic syndrome may have begun to set in. Consequently, there is considerable heterogeneity in the literature -in the types of subjects used and the measurements made. Furthermore, subjects in the advanced stages may already be on different medications, thereby producing the complication of interactions between various treatments and the antioxidants. Another issue is that money is not as plentiful in this field as it is for drug company research. The net result of all these problems is that most studies are small both in the number of subjects and duration. They also often lack appropriate controls. Many are epidemiological studies or meta-analyses, using the self-reporting of antioxidant intake, which is notoriously prone to error. Also, for intervention studies when natural products are used, their key antioxidant determinants are not reported. The product quality, stability and absorption of the same antioxidant can vary considerably between the various manufacturers. The source of the intervention is frequently not reported, and this can have a significant impact on whether or not a particular antioxidant will prove to exert a clinical benefit. Also, the bias due to source of funding and other conflicts of interest cannot be ignored. Hence, it was difficult for us to come up with laser-sharp conclusions for each substance. Long-term consumption of vitamin C in fruits and vegetables decreases risk of developing diabetes, but the benefits of supplements are marginal + Zinc Zinc supplements, seafood (oysters, crab), liver, meat, seeds, beans, peas, lentils, dark chocolate [98] Supplements decrease FBG and improve lipid profile; may be of more benefit in patients whose diabetes is poorly controlled and, hence, are under more oxidative stress; may also decrease risk of developing diabetes in obese patients + Lipoic acid Red meat, spinach, broccoli, tomatoes, peas, Brussels sprouts [98] Supplements marginally improve glycemic control and lipid profile and decrease weight; useful for diseases such as cancer; lipoic acid in foods is too little and not readily bioavailable + Carnitine Meats, fish, dairy products, soy, nuts, seeds [98] Beneficial for diabetes; decreases FBG, total cholesterol, apolipoprotein-B100 and apolipoprotein-A1 but no effects on TG, HbA 1c or lipoprotein A ++ Omega-3 fatty acid Fish, soy, flax, other seeds [97] No effects on body weight, cholesterol (total, HDL or LDL), insulin sensitivity, triglycerides, FFA, glycerol, lactate, glucose, or HbA 1c ± Coenzyme Q10 Meats, soybean, olive oil, grape seed, sesame seeds, nuts, some fruits and vegetables [98] Effective for glycemic control in some studies but not others; may have antihypertensive effects ± Polyphenols and carotenoids Procyanidins Cinnamon, apple, cranberries, avocado, red beans, almonds, peanuts [66, 75] The most studied compound is C. cassia; the extract has a very low coumarin content and hence it is safer; marginally decrease FBG and HbA 1c , oxidative stress, and possibly fat mass ++
Catechins
Green tea (C. sinensis), apples, blackberries [76, 98] Increase thermogenesis and fat oxidation, may lead to reduced weight; green tea also contains caffeine which may be needed for benefits for diabetes; excess caffeine (>300 mg/ day) causes tolerance ++ Chlorogenic acid Green coffee, plums, peaches, dates [84 -86] Potential for reducing weight; fruits also contain ferulic acid -a potentially beneficial antioxidant ± Resveratrol Red wine, Japanese knotwood, acai, blueberry, bilberry, cranberry, pomegranate, Ziziphus [98] Decreases oxidative stress; marginal benefits for diabetes in some studies but not others ± Lycopene Guava, papaya, watermelon, asparagus, tomato, eggplant, potato [97] Marginal effects on oxidative stress status, IL-6, TNF-α, or CRP; no effects on weight, FBG, HbA 1c , or impairment of glucose tolerance ± Rating is based on the strength of evidence for the effectiveness of the antioxidants for diabetes/obesity management. 
Obesity and Antioxidants
Recommendations
In most cultures, the availability of plentiful food was a sign of success and satisfaction. However, in today's society this should no longer be true due to a decrease in the amount of physical activity and an increase in high-calorie foods. Whether it be preobese, obese or type 2 diabetic, the therapy has to begin with an increase in exercise and a decrease in calorie consumption. Having made this statement, it is also clear that antioxidants do have a role in slowing the low-grade inflammation associated with these diseases. The ideal would be increasing foods rich in antioxidants as part of a lifestyle from an early age ( table 1 ). For those who are in more advanced stages of the disease, supplementation with a combination of antioxidants may also be beneficial. However, ideally it would be the change in lifestyle that leads to the consumption of a balanced diet low in calories and rich in antioxidants. The literature does not suggest antioxidant supplementation as a cure-all for obesity or for type 2 diabetes.
